This paper examines the capability of the HarmoniX Atomic Force Microscopy (AFM) technique to draw accurate and reliable micromechanical characterization of complex polymer morphologies generally found in conventional thermoplastic polymers. To that purpose, injection molded polypropylene samples, containing representative morphologies, have been characterized by HarmoniX AFM. Mapping and distributions of mechanical properties of the samples surface are determined and analyzed. Effects of sample preparation and test conditions are also analyzed. Finally, the AFM determination of surface elastic moduli has been compared with that obtained by indentation tests, finding good agreement among the results.
Introduction
The accurate characterization of mechanical properties of nanoheterogeneous materials, such as nanocomposites, biological cells, and multiphase polymers at the nanometric length scale, is a very important task [1, 2] . In the last decade, several methods based on the probe-indentation techniques have been proposed. Indentation is probably the most known and used of these techniques to determine the local mechanical properties of sample surfaces. It is based on the application of a local deformation by means of an indenter; the resistance to indentation and the indentation depth are continuously monitored. Data are then analyzed adopting theoretical models to determine Young's modulus and the hardness of the sample. Several methods have been proposed to analyze the data in order to determine the hardness and elastic modulus [3] . The Loubet model is recognized to be more effective in determining the elastic modulus of strong viscoelastic materials (i.e., soft or biological materials) [4, 5] , whereas the method by Pharr et al. [6, 7] is a more general one; it is applied on several materials with elastic behavior and it is implemented in the software of most indentation instruments. The literature results generally show that when the viscoelasticity can be neglected (i.e., polymers with high crystalline degree), the standard Oliver and Pharr method provides a very good approximation of the modulus for the majority of the analyzed polymer materials [8, 9] .
Indentation has been successfully applied to several polymers, such as poly(methyl methacrylate) [10] , and polymer systems [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , such as blends [21] , copolymers [22, 23] , composites [24, 25] , bone cement [26] , and multilayer systems [27] . However, its applicability is strictly limited by the probe dimension that allows spatial resolution of the order of tens of microns and does not allow the reconstruction of an accurate mapping of the sample surface. Furthermore, the measurement of mechanical properties by this technique is time-consuming, since the largest part of measurement time is devoted to the approach of the sample surface [28] . More recently, Atomic Force Microscopy (AFM) based techniques (HarmoniX and Peak Force) have been proposed to evaluate both qualitative and quantitative nanometric-resolved maps of the mechanical properties. They provide a quantitative characterization of adhesion, friction, energy dissipation, and mechanical modulus and part of other relevant properties like the critical load. In addition, these techniques are able to simultaneously provide topographic maps (from tens of nanometers up to microns) of the sample allowing a direct correlation among mechanical and morphological sample 2 International Journal of Polymer Science properties. Both AFM based methods, HarmoniX and Peak Force, are appropriate for the mechanical characterization of soft matter [29, 30] . In particular, HarmoniX technique operates in tapping mode and makes use of specifically designed cantilever geometries with an out-of-axis tip [31, 32] . The measurements of the vertical (topography) and torsional (friction) deflection at different frequencies allow us to separate the two signals and to have a complete and contemporary characterization of both mechanical and morphological properties during the scanning [31, 32] . In the case of HarmoniX measurement, the mechanical properties are obtained applying a theoretical model to the acquired data [33] . This technique has been proposed to characterize carbon black-filled hydrogenated nitrile butadiene rubber [34] , soft and hard segments of polyurethanes [35] , and catalysts [36] .
Generally, the application of AFM based techniques is limited to the mechanical characterization of homogeneous samples, and only few papers are devoted to the characterization of samples having complex morphology distribution [30] .
In this paper, we intend to demonstrate the applicability of HarmoniX AFM technique to the characterization of molded polymer samples with complex, nonuniform morphologies [37] [38] [39] [40] [41] [42] , which could influence the mechanical properties of the final object [28, 43, 44] . To accomplish this objective, a series of HarmoniX tests have been performed on selected polypropylene molded samples. These samples have been chosen to highlight the sensitivity of this technique to the variations in morphologies normally found in molded thermoplastic samples [37, 38, 41, 42, 45] . HarmoniX tests have been conducted with different scan sizes and resolutions on samples prepared in different ways (i.e., etching procedures), with the objective of studying the relative influence of the preparation methods on the obtained results. The values of the elastic modulus obtained by HarmoniX tests have been also compared to the values obtained by independent microindentation tests carried out on the same samples.
Experimental

Materials and Methods.
A commercial isotactic polypropylene (iPP, Basell T30G), with an average molecular weight of Mw = 376,000 and a polydispersity index of Mw/Mn = 6.7, was adopted to prepare the injection molded samples. A complete mechanical, rheological, and thermal characterization of this polymer can be found elsewhere [46] [47] [48] [49] [50] [51] [52] . Injection molding tests were carried out adopting a melt temperature of 220 ∘ C, a mold temperature of 25 ∘ C, and a packing pressure of 260 bar. A rectangular cavity having a length of 110 mm, a width of 12.7 mm, and a thickness of 1.5 mm was employed. Supplementary information about the cavity geometry is reported elsewhere [28, 38] .
Sample Preparation.
For the HarmoniX tests, small specimens were cut from the midplane of the molded objects along the flow direction. To obtain a smooth surface, the specimens were microtomed by a Leica microtome. The specimens were then chemically etched following the procedure reported by White and Bassett [53] and previously adopted on similar iPP samples [37, 38, 42] . In order to determine the effect of the etching procedure on the mechanical results, the samples were etched for different times.
HarmoniX AFM Characterization.
For HarmoniX measurements, a standard NanoScope MultiMode V scanning probe microscope (Veeco, Santa Barbara, CA) equipped with T-shaped cantilevers (Bruker, Billerica, MA) having a spring constant of 1.58 Nm −1 and a vertical resonance frequency of ∼ 60 kHz has been employed. Topography and elastic modulus images were collected at 0.5 Hz of scanning rate and with different scan resolutions.
In order to obtain reliable results of mechanical properties through AFM, the "relative calibration method" was adopted; details about the "relative method" can be found in the instrument manual provided by Gojzewski et al. [54] . In the "relative method," each cantilever/tip combination needs to be calibrated to obtain (quantified) elastic modulus values of unknown samples. To take into account the expected elastic modulus range on the analyzed areas, two reference samples were selected for calibration: polystyrene and high density polyethylene with elastic modulus of 2.5 GPa and 0.5 GPa, respectively, as indicated by Gojzewski et al. The calibration was always carried out before any measurements of the samples characterized in this work. The relative method allowed reducing some important propagating errors, especially regarding the uncertainty of the cantilever spring constant and the tip radius measurements [54] .
The NanoScope software version 7.30 adopted for HarmoniX measurements gives values of elastic modulus (named DMTModulus in the AFM acquisitions) applying the Derjaguin-Muller-Toporov (DMT) model to the acquired data [33] .
Scan sizes of 5 × 5 m, 10 × 10 m, and 20 × 20 m were adopted to highlight the structures developed in the different zones.
The elastic modulus maps were analyzed in terms of the distribution of moduli over the investigated area; the maps were elaborated by bearing analysis implemented in the NanoScope software. The values of elastic modulus reported in this work have been obtained considering at least ten maps.
Microindentation.
The indentation modulus and hardness measurements have been performed by Nano Test6 Platform (Micro Materials Ltd.), using a three-sided Berkovich tip. For each sample, at least 5 imprints have been made. The following test parameters were used for all samples: minimum load = 0.2 mN; maximum load = 120 mN; loading and unloading rate = 2 mN/s; holding time of the maximum load 60 s. The Nano Test software gives the hardness and elastic modulus of iPP injection molded samples [9] , according to Oliver and Pharr's method [6, 7] . sample by AFM, it is necessary to prepare the sample. The described microtome procedure induces the formation of a plastic zone on the surface to be analyzed that could hide the representative features developed during the injection molding process and could induce a noncorrect evaluation of the mechanical properties. Generally, an etching procedure has to be adopted to highlight the structures developed in molded iPP samples, since the etching procedure removes part of the amorphous phase entrapped between the polymer crystals as well as the resultant of the mechanical cutting. To reduce the impact of the preparation on the sample analysis, different times of chemical etching have been adopted. This also allows us to study the effect of the etching time on the mechanical characteristics of the sample [30] . Figure 1 shows the topography taken on the shear layer of the injection molded sample exposed to the chemical etching solution for different times, 0 h, 3 h, and 12 h. From the first image row of Figure 1 , which shows an average roughness of 12.3 ± 3.5 nm, it is evident that the morphology could not be clearly detected on the nonetched sample; this observation demonstrates the presence of an amorphous layer on the top of the crystalline region [30, 55] . As expected, by increasing the etching time, the morphology, characterized by crystalline fibrillar structures [56, 57] , becomes more clear and definite. The roughness, after 3 h etching, is 14.3 ± 3.0 nm; therefore, the roughness shows a slightly higher value with respect to the roughness of the nonetched sample; the increase of roughness is due to the presence of areas in which the etching probably has shown different rates between amorphous and crystallized polymers [30] . With the increase of etching time up to 12 h, the roughness decreases down to 9.7 ± 0.1 nm, since the amorphous parts have been efficiently removed and the etching procedure is effective also on the crystalline structures. The fibrils, clearly detectable after 12 h etching, have a mean thickness of about 360 nm. However, the observation of topography maps suggests that the morphology of the shear layer is detected already applying an intermediate etching time (3 h ). Figure 1 shows also the elastic modulus maps and the corresponding elastic modulus distributions obtained by applying the bearing analysis on the scanned area. The cumulative curves of the distributions, which represent the percentage of the area with modulus lower than a reference value, are also reported (red line).
Results and Discussion
Effect of the Etching
If no etching has been applied to the sample, a lower average value of elastic modulus is measured and a wider distribution with a significant contribution of a soft part is observed. Adopting 3 h etching time, the percentage of the investigated area with values of elastic modulus higher than the average increases, whereas the contribution of the soft part is essentially the same of the nonetched sample, as also observed from the topography. The contribution of the soft part disappears only adopting 12 h etching time; in this case, symmetric bell shaped curves are obtained. The elastic modulus distributions, being narrow and symmetric, could be completely characterized by using the average and the variance.
The elastic modulus distributions also show that the average elastic modulus values become higher with the increase of etching time. Since the crystalline structures generally give higher modulus values than the amorphous ones [30] , it is possible to conclude that the etching procedure is very effective in removing the amorphous part and all the resultants of the microtome procedure. This finding is also confirmed by the values of adhesion force that significantly decrease from 50 nN to 7 nN for the nonetched sample and for the sample etched with 12 h etching time, respectively; generally, high values of adhesion force are due to the viscous properties of an almost amorphous polymer in the nonglassy state [58] .
Being the molded sample characterized by a complex morphology along the sample thickness, the effect of the etching time has been investigated also in the spherulitic core, as reported in Figure 2 . Figure 2 shows that in the spherulitic core the dependence of morphology and mechanical behavior on the etching time is similar to that observed in the shear layer. Also, in this International Journal of Polymer Science 5 area, clear and definite morphology can be detected by the topography already selecting 3 h as etching time. Without applying the etching procedure, the average roughness is 12 ± 5.0 nm; after 3 h etching time, the average roughness is the highest one, 30.0 ± 5.0 nm, because the spherulites centers appear higher than the surroundings. This is probably due, again, to the etching rate that is different in the amorphous and in the crystalline areas of the investigated window. With 12 h etching time, the roughness is 14.9 ± 1.3 nm, since in this case the etching procedure is effective also in the crystalline regions.
The elastic modulus distribution is bell shaped and narrow with 12 h of etching time.
The analyses of the two zones, the shear and the spherulitic core, clearly show that, by only adopting 12 h etching time, it is possible to obtain a unimodal and narrow elastic modulus distribution. The average values are more confident in describing the mechanical behavior of the investigated area, since the contribution of the soft part at the topmost molecules, due to the cutting procedure, has been removed.
Since the chemical etching is effective in removing the softer contribution due to the cutting procedure and HarmoniX AFM gives the mechanical properties of the material beneath the tip, HarmoniX AFM measurements are able to assess the effect of the injection molding process conditions on the mechanical characteristics of the final object [28, 30] . Furthermore, with 12 h etching time, the topographic image is significantly improved. For all these reasons, 12 h etching time has been adopted for all the analyzed samples.
Effect of the Scan
Size. An appropriate choice of the scan size and resolution is also important for the characterization of the sample morphology and mechanical properties. Generally, the mechanical properties are related to the crystalline and amorphous phase content and to the developed morphology [30] . In principle, AFM is able to resolve information up to the nanoscale level. However, it is necessary to take into account also the characteristic dimensions of the morphological elements in order to obtain a reliable mechanical representation. For nonhomogeneous samples or when the dimensions of the morphological elements change with the position along the sample thickness, the choice of scan size and thus scan resolution is not a simple task. An appropriate experimental verification is necessary in order to avoid lowresolution acquisitions or time-consuming tests. Figure 3 shows the topography and elastic modulus maps and the elastic modulus distribution in the zone of spherulitic core (750 m from the sample surface, i.e., sample midplane) obtained with different scan areas. In particular, three different scan areas have been selected: 25 m 2 , 100 m 2 , and 400 m 2 (from left to right in Figure 3 ). All the three maps have been acquired setting the same number, that is, 128, of lines per image and of points per line. Thus, for each selected scan area, the map is acquired considering 128 × 128 measuring points. To highlight the importance of the scan size on the mechanical properties measurements, the moduli distributions have been evaluated not only on the whole area but also considering a smaller area; in particular, in Figure 3 , the square boxes indicate areas of 25 m 2 . The elastic modulus distributions and cumulative curves reported in the figure are, for each map, evaluated relatively only to the area, 25 m 2 , enclosed in the square box; this area corresponds, for the leftmost elastic modulus map, to the whole scan area. The elastic modulus distributions and cumulative curves, relative to the square boxes, are evaluated taking into account the numbers of measuring points of 128 × 128, 64 × 64, and 32 × 32 from left to right.
The smallest scan area, that is, 25 m 2 , allows capturing the finest details of the investigated morphology, as shown in the topography. The biggest scan area, that is, 400 m 2 , allows observing more than one typical structure, that is, spherulites, present in the investigated area. With respect to the areas enclosed in the square boxes, the comparison among the elastic modulus maps suggests different values of elastic modulus. However, deeper investigations based on the elastic modulus distributions are required. The elastic modulus distributions are bell shaped in all the acquisitions reported in Figure 3 . Furthermore, the distributions are narrow, similar to those reported in Figures 1 and 2 . Table 1 reports values of average elastic modulus obtained considering the distribution evaluated not only on the areas enclosed in the square boxes, whose values are reported in the first column of Table 1 , but also on bigger areas, that is, 100 m 2 and 400 m 2 . The analysis of elastic modulus distributions demonstrates that only small differences can be detected by changing the area or the number of measuring points; these differences are certainly within the experimental accuracy of the test method. Therefore, to obtain confident values for elastic modulus, the analysis of the distribution and cumulative curves is necessary since it is not possible to compare mechanical characteristics among different samples through the observation of the maps.
To verify this finding in other zones of the injection molded sample, a wider scan area of 3600 m 2 , in the transition zone, in which different morphological structures are present, that is, spherulites and fibrils, has been investigated adopting 128 × 128 points per line. The results are shown in Figure 4 . Figure 4 shows that very similar distributions have been obtained in the three areas of 400 m 2 and their average values are very close to the average value obtained considering the whole investigated area (3600 m 2 ), that is, 1.85 ± 0.13 GPa.
In the following, all the maps are acquired with a 400 m 2 scan area and 128 × 128 measuring points since this setting allows us to obtain a reliable representation of both morphology and mechanical characteristics. Therefore, 128 × 128 points per line are sufficient to detect mechanical properties of the smaller structures, that is, fibrils in the shear layer, keeping the acquisition time small.
Mechanical Characterization by HarmoniX AFM.
In Figure 5 , maps acquired in three selected positions (600 m, 510 m, and 270 m distance from the sample surface) along the sample thickness are reported. In particular, the topography, the peak force, the adhesion, and elastic modulus maps with the corresponding elastic modulus distributions are reported in Figures 5(a) -5(e), respectively. The three topographies reveal typical morphological elements normally found in the melt processed semicrystalline polymers [39, 59, 60] . In particular, a high crystalline nonoriented spherulitic morphology, generally obtained in sample crystallized under quiescent conditions, is presented in the left of Figure 5 (a).
In the middle of Figure 5 (a), combined morphology, typical of transition zone, is reported. In the transition zone, whose presence is due to a high temperature melt flow that takes place in a confined geometry, the morphology evolves gradually from spherulitic to fibrillar (from the sample core to the wall). The strong temperature differences along the sample thickness allow molecular relaxation only over a part of the sample; therefore, some fibrils, that is, those placed at the border of the spherulitic core, are replaced by elongated spherulites. The result of this partial relaxation is the coexistence of different crystal morphologies separated by transition regions [41, 61] . Finally, closer to the sample surface, highly oriented fibrillar morphology has been found as reported in the right of Figure 5 (a). These structures are very common in the areas where the melt solidifies at high cooling rate during intensive flow. Under these solidification conditions, high level of molecular orientation is frozen to form well ordinated and confined fibrillary crystals [62] . As highlighted in the topographies of Figure 5 (a), the structures detected along the sample thickness, that is, the spherulites and the fibrils, have different organization and different orientations, and thus the elastic modulus could be expected to be influenced also by the molecular arrangement [28] . Figures 5(b) and 5(c) show maps of the peak force and adhesion force recorded in the same areas. The peak force is related to the maximum cantilever deflection, whereas the adhesion depends on the interaction among the probe and sample surface. Both values have to be considered in the calculation of modulus by the DMT model [31] . In order to obtain reliable measurements by applying the DMT model, an indentation depth similar to those measured during the calibration with the reference sample is generally required.
To that purpose, the peak force is kept almost the same as the reference sample in the three areas [29] .
Figure 5(c) shows that a lower adhesion force with respect to the spherulitic core and the transition area characterizes the fibrillar area. As mentioned above, the value of the adhesion force can be related to the content of a softer phase, which can be due to the amount of amorphous phase or other soft crystalline phases (i.e., -phase in iPP case [38, 48, 63, 64] ); therefore, one can conclude that the shear is characterized by a lower amount of soft phases with respect to the transition and the spherulitic core. The shear layer behavior is also due to the higher level of organization and molecular orientation.
Figures 5(d) and 5(e) show the elastic modulus maps and distribution of the investigated areas. The morphological elements present in the topographies (height images) of Figure 5 (a) are also visible in the elastic modulus maps (Figure 5(d) ). The oriented fibrils show higher moduli, whereas the spherulitic isotropic core shows the lowest moduli. In the transition zone, the moduli decrease gradually from the higher values of the shear layer to the lower values of Despite the higher adhesion level, which suggests higher content of softer phase, with respect to the spherulitic core, the elastic modulus is higher in the transition, probably, because the higher level of orientation in the transitional zone [38] compensates for the higher amount of soft phase. The distributions shown in Figure 5 (e) are bell shaped and narrow; they respect all the conditions, previously described, to obtain a reliable mechanical characterization for the investigated areas. The average values of elastic modulus, calculated from the distributions shown in Figure 5 (e), are compared with the elastic modulus obtained by indentation tests carried out on the same sample positions in Table 2 . Results of the two analyses are in good agreement, revealing the ability of the HarmoniX AFM tests to correctly characterize samples with complex morphologies such as injection molded objects.
Analysis of Elastic Modulus Distributions.
The elastic modulus distributions contain much more data that can be used to completely characterize the sample structure and can be analyzed to discriminate between mechanically "hard" and "soft" areas. In Figure 6 , an example of recorded elastic modulus distribution and cumulative curve is shown. The measuring points with an elastic modulus lower than the threshold value Ms (Ms = 1.1 GPa) have been defined as the "soft" contribution to the elastic modulus. Accordingly, the measuring points with an elastic modulus higher than the threshold value Mh (Mh = 2.1 GPa) have been defined as the "hard" contribution to the elastic modulus.
The choice of the Ms and Mh threshold values is completely arbitrary and not directly related to the mechanical properties of amorphous or crystalline phases. For each of the previous samples (reported in Figure 5 ), the three relative areas of the histogram identified by the selected threshold values (Ms and Mh) are reported in Figure 7 .
The distribution of the soft and hard contributions is completely different in the three areas of the sample. Both the hard and the soft contributions are present in the spherulitic layer, whereas the intermediated moduli contribution covers more than 80% of the area. The soft contribution tends to disappear in the transition and in the shear layers, whereas the hard contribution increases. In particular, in the shear layer, the amount of hard contribution is the highest one.
As mentioned above, the threshold values are not related to the amount of amorphous and crystalline phases or to their mechanical properties. Nevertheless, the spherulitic core shows the highest amount of soft contribution, higher also with respect to the transitions area where the adhesion force, which is related to the content of soft phase, is the highest one. This finding suggests that the soft contribution is due not only to the amount of the softer phases (i.e., amorphous and -phase) but also to the level of molecular orientation.
Conclusions
HarmoniX AFM technique is found to be an important tool for measuring the nanomechanical characteristics of samples with complex morphology. It allows obtaining simultaneously maps of both elastic modulus and topography over the investigated area. Thus, the developed morphology can be correlated with the mechanical properties of the analyzed sample. In this work, it has been demonstrated that HarmoniX AFM can also give accurate and reliable results on injectionmolded samples. In fact, the comparison between the elastic moduli measured by HarmoniX AFM with those obtained by indentation tests confirms the accuracy of the AFM based technique. However, to obtain reliable results in terms of elastic modulus, it is necessary to prepare the sample properly. For instance, the semicrystalline molded samples after the cutting procedures have to be chemically etched for an adequate time. Only in this way is it possible to obtain representative mechanical characteristics with narrow and bell shaped distributions.
A correct choice of the resolutions during HarmoniX acquisitions is also important to obtain correct elastic modulus measurements. The measurements are always accurate, reliable, and almost independent of the size of the investigated area if the selected size is large enough to include a significant number of structures (i.e., fibrils or spherulites). This means, especially for nonhomogeneous and anisotropic samples, that multiple tests must be preventively carried out in order to find an acceptable compromise between accuracy of the results and dimension of the area investigated.
Statistical analysis of the elastic modulus maps allows correlating the sample morphology with the relative content of soft and hard mechanical zones. Molded samples show the coexistence of high oriented shear layers with isotropic spherulitic zones. These shear layers, which show higher elastic modulus values, are characterized by a higher contribution of hard zones. On the opposite, the spherulitic core is characterized by significant content of soft zones.
All the experimental observations mentioned in this work suggest that the elastic modulus values depend not only on the crystalline degree but also on the orientation and molecular organization.
HarmoniX AFM could be certainly applied to smaller molecular structures, up to the nanometric dimensions of the lamellae. It ensures an accurate correlation between the molecular organization and the mechanical properties.
Conflicts of Interest
The authors declare that they have no conflicts of interest.
